A novel low dielectric constant polymer, plasma-polymerized 1-cyano isoquinoline (PPCIQ) was prepared by plasma polymerization for the first time. The structure and surface compositions of the deposited PPCIQ thin films were investigated by Fourier transform infrared (FTIR) and X-ray photoelectron spectroscopy (XPS). The results show that a high retention of the aromatic ring structure of the starting monomer in the deposited plasma films is obtained when a low discharge power of 15 W was used during film formation. In the case of higher discharge power of 35 W, more severe monomer molecular fragmentation can be observed. The dielectric properties measurements show that a low dielctric constant of 2.62 can be obtained for PPCIQ thin film deposited at 15 W.
Introduction
With ultralarge-scale integration and deep submicron device dimensions approaching 0.13 μm, the performance of microelectronic devices is seriously inhibited by the increase in resistance-capacitance(RC) time delay, crosstalk noise, and power dissipation of the interconnect structure. It has been reported that the delay, crosstalk, and power dissipation all depend critically on the dielectric constant of the separating insulator. Thus, development of new materials with lower dielectric constant is now being considered as one of the most important issues in electronic industry. A number of studies have been conducted in this area. The candidate materials include fluorinated polymers [1] [2] [3] , inorganic-organic hybrids [4, 5] , poly(silsesquioxane)s [6] [7] [8] , and polyimides [9, 10] .
The plasma assisted method is now becoming one of the fastest growing areas in the field of direct thin film deposition of entirely new kinds of polymeric materials, which are hardly possible to obtain by the conventional polymerization methods, and the films obtained by plasma polymerization are generally of high quality, homogeneous, adherent, thermally stable and pinhole free [11] [12] [13] .
To our knowledge no report has yet been appeared in the literature on the structural and dielectric behaviour of poly (1-cyanoisoquinoline) . In the present work, the technique of plasma polymerization was used in the preparation of PPCIQ thin films using 1-cyanoisoquinoline as precursor. By careful selection of the glow discharge parameters, high quality plasma thin films were prepared (see Table 1 ). 
Results and discussion
The FT-IR spectra of the PPCIQ films deposited at discharge powers of 15 W and 35 W are illustrated in Fig. 1 as curves b and c, respectively. The absorption spectrum of the monomer 1-cyanoisoquinoline is shown in curve a for comparison. Clearly, there appeared a broader and considerably stronger absorption band at 1652cm -1 for both plasma PPCIQ films, attributed to the conjugated C=N stretching vibration as compared with the monomer 1-cyanoisoquinoline, which indicated that extensively conjugated C=N double bonds were formed during the plasma polymerization of 1-cyanoisoquinoline. It is also clear that the characteristic absorption bands at 3041 and 3092 cm -1 for the aromatic C-H stretching vibration have been preserved to a large extent for the PPCIQ15 film deposited at 15 W, indicating greater retention of aromatic ring structure in PPCIQ15 film. On the other hand, however, the absorption intensity of the same absorption bands for the PPCIQ35 film has diminished significantly. This is indicative of increasing monomer fragmentation during the high power plasma polymerization. In addition, the new absorption bands that appeared at 2968 cm -1 (-CH 3 , ν as stretching vibration) and 2870 cm -1 (-CH 3 , ν s stretching vibration) in PPCIQ35 film further confirm above deduction. Moreover, the prominent characteristic absorption bands at 1602, 1550, 1506, and 1425 cm -1 of the aromatic ring backbone stretching vibration also indicate the greater retention of aromatic ring structure in PPCIQ15 film. Thus, the FT-IR results suggest that the plasma polymerization of 1-cyanoisoquinoline has proceeded mainly via the opening of π-bond of the C≡N functional groups under low discharge powers while the high power plasma polymerization gives rise to more severe molecular (aromatic ring) fragmentation.
In order to check the effect of discharge power on the chemical compositions of PPCIQ films, the high-resolution C1s spectra of PPCIQ15 and PPCIQ35 films were evaluated and are shown in Fig. 2 . The presence of oxygen in all PPCIQ films is normally expected in the plasma-polymerized films owing to the existence of trace oxygen absorbed on the wall of the reaction chamber system and also due to the reaction of long-lived radicals with atmospheric oxygen after being exposed to the air. The C 1s spectra were analyzed by fitting Gaussian peaks with a 20% Lorentzian structure. It has been reported that the full width at half maximum (FWHW) for plasma polymers is expected to be relatively large, about 2 eV due to their irregular molecular structure [14, 15] . So, the C 1s spectra for all PPCIQ films were curve fit using the same fitting parameters as mentioned above. It should be noted that some fitting peaks significantly overlap due to the small difference in the binding energy associated with these peaks. The C 1s spectra of PPCIQ15 film can be deconvoluted into five component peaks as indicated in Figure 2 . The binding energy for aromatic C=N (285.98 eV) and C=C (285.48 eV) was assigned in accordance with the results in the literature [16] . The other three chemically distinct C atoms are assigned as follows: the peak at 285.02 eV represents saturated hydrocarbon CH; the peak at 286.75 eV represents the C-O group; and the peak at 288.00 eV represents C=O. In addition, a broad high binding energy peak centered at 293.53 eV, which assigned to the π-π* shake-up satellite arising from the aromatic rings is observed for PPCIQ 15 thin film [17] .
For the high discharge power of 35 W, however, besides the C=C, C=N, CH, C-O and C=O, the component C≡N and O-C=O were also detected in the plasma films and contents of aromatic C=C and C=N component in PPCIQ35 film were found to decrease substantially comparing with that for the films deposited under a low discharge power of 15 W (Table 2) . Meanwhile, the relative contents for component CH, C-O, and C=O, formed during the plasma polymerization process, were found to increase (Table 2) , indicating more intensive monomer fragmentation process promoted by the high discharge power of 35 W. The theoretical ratio of the group C=C to C=N in PPCIQ film is 1:0.5 if plasma polymerization occurred exclusively through the C≡N triple bond. For the PPCIQ15 films deposited at the low discharge power of 15 W, this ratio is 1:0.41; for the PPCIQ35 films deposited at a higher power of 35 W, however, the corresponding ratio decreases to 1:0.23. Thus, it is clear that a PPCIQ film with a higher retention of the aromatic ring structure of the starting monomer can be obtained at the low plasma discharge power of 15 W. Furthermore, it is also shown from Figure 2 that the intensity of π-π* shake-up satellite for PPCIQ35 film is much weaker than that of the films deposited at the low discharge power of 15W, revealing less retention of the aromatic ring structure in the PPCIQ35 film deposited at a higher power of 35 W, which agrees well with the FT-IR results. The significant difference in structure of the PPCIQ films for high and low discharge power probably arises from the difference in bond scission mechanism during the plasma polymerization. It has been reported [18] , that at the low discharge power, the plasma polymerization is mainly carried out in the energy-deficient state and the energy per unit mass of the molecule is very low. Thus, bond scission occurs mainly at the π-bond of the functional group C≡N, which has the lowest bond energy. Under these conditions, the formation of a C=N conjugated plasma polymer is a dominant plasma process, and the plasma polymerization proceeds mainly through the opening of the π-bond of the C≡N triple bonds.
The capacitance-voltage (C-V) characteristics of the plasma-polymerized 1-cyanoisoquinoline at different temperatures are shown in Fig. 3 . The dielectric constants of PPCIQ15 and PPCIQ35 thin films, deduced from C-V curves, are also shown in Fig. 3 . It is clear that PPCIQ15 film has much lower dielectric constant (k=2.62) as compared with that of PPCIQ35 film (k=4.48).The significant difference in dielectric constant between PPCIQ15 film and PPCIQ35 film may be attributed to two reasons: First, it has been confirmed by our FT-IR and XPS results that a low discharge power could result in a higher retention of the aromatic ring (space occupying groups) in the deposited films, which can lead to a low density film formation. Second, it can be seen from Fig. 1 that the C≡N stretching vibration of momomer at 2225 cm -1 was also present in PPCIQ35 film deposited at 35 W. This can be attributed to the unreacted C≡N species, which split from the monomer molecule and deposited on the surface of the films during the high discharge power plasma polymerization. The existence of polar C≡N group in deposited film can lead to a higher polarizabity in PPCIQ35 film than PPCIQ15 film. Thus, it is not difficult to understand that PPCIQ15 film can exhibit lower dielectric constant in comparsion with PPCIQ35 film. Moreover, it is also found from Fig. 3 that the value of capacitance for PPCIQ15 and PPCIQ35 film increases with increase in temperature. The temperature dependence of capacitance (dielectric constant) can be explained in accordance with Goswami's [19] equivalent circuit model, in which the measured capacitance C s is given by
where C s is the measured capacitance, ω the angular frequency, C′ the frequency independent capacitive element, and R the discrete-temperature-resistive element.
The temperature dependence of the model is represented by a thermally activated process and is given by
Where R 0 is a constant and E a the activation energy.
From equation (1) and (2), it is clear that C s will increase with increasing the measured temperatures due to the decreasing value of R, and accordingly, the corresponding dielectric constant for both samples will increase with temperature.
Conclusions
Poly(1-cyanoisoquinoline) thin films was prepared by the plasma polymerization of 1-cyanoisoquinoline. FT-IR and XPS studies revealed that the plasma polymerization of 1-cyanoisoquinoline took place mainly through the opening of the π bonds of C≡N functional group at the plasma discharge power of 15 W and accordingly a higher retention of the aromatic ring structure of the starting monomer in the deposited plasma films can be obtained. A high discharge power of 35 W brings about more severe molecular (aromatic ring) fragmentation. Moreover, PPCIQ thin film deposited at 15W gives a low dielectric constant (k) of 2.62, which might be a potential candidate to be used as intermetallic dielectrics in microelectronics.
Experimental Part
The substrates used were heavily doped, p-type, (100) silicon wafers, quartz glass and freshly pressed FTIR-grade potassium bromide (KBr). The argon used in the plasma system was high-purified grade. The monomer, 1-cyanoisoquinoline (CIQ) used for plasma polymerization was obtained from the Aldrich Chemical Company. The monomer structure of 1-cyanoisoquinoline is shown in Scheme 1. Plasma polymerization of and deposition of 1-cyanoisoquinoline was carried out using a radiofrequency (13.56MHz) capacitive coupled glow discharge system (see Scheme 2) . A cylinder-shaped stainless steel plasma polymerization reactor was fitted with parallel plate electrodes. The substrates were centered on the bottom electrode, after evacuation and purging with high pure argon for three times, a cleaning/etching operation by argon plasma was subsequently performed under room temperature at the discharge of 80 W for about 2 min. Then, the RF system was adjusted to the pre-set powers; glow discharge was allowed to occur for certain duration. The pressure of the reaction chamber was maintained at 3.19×10 -2 mbar during the glow discharge. After the plasma was extinguished, the chamber was still evacuated for 5 min, and then the high pure argon was introduced to the chamber until the pressure of reactor became more than 2.66×10 -3 bar, after which the reactor was brought to atmospheric pressure with air.
Scheme 2. Experimental apparatus for plasma polymerization.
The FT-IR spectra were measured on a Perkin-Elmer System 2000 FT-IR spectrometer. The film thickness was measured using a surface profiler (Alpha-Step 500). An X-ray photoelectron spectrometer (Kratos, Axis ULTRA) was used for XPS measurements with an Al K α X-ray source. Capacitance of PPCIQ thin films were measured using a HP 4284 A semiconductor parameter analyzer at 1MHz in 303 and 373 K. The dielectric constant (k) was calculated from the known values of capacitance(C), film thickness (d), the area of aluminum dot (A) and the permittivity of free space (ε 0 ) using the following relation: k =C⋅d /ε 0 ⋅ A.
